Background: An increasing number and proportion of cancer patients with apparently localised disease are treated with chemotherapy and radiation therapy in contemporary oncology practice. In a pilot study of radiation-induced sarcoma (RIS) patients, we demonstrated that chemotherapy was associated with a reduced time to development of RIS. We now present a multi-centre collaborative study to validate this association.
A late complication of ionising radiation is the development of a secondary malignancy, most commonly a radiation-induced sarcoma (RIS). Reports of RIS date back to the early twentieth century, when bone sarcomas were described in Swiss watch dial painters who were exposed to radioactive phosphorus (Martland, 1929) . RIS are typically high-grade and associated with a poor prognosis (Gladdy et al, 2010) . They usually develop 10-20 years after radiation exposure (Mark et al, 1994) , but have been reported as early as six months after radiation therapy (RT) (Cha et al, 2004) .
The influence of chemotherapy on the pathogenesis of RIS is controversial. Several large population-based studies have shown an association between development of RIS and administration of chemotherapy for primary childhood cancers (Hawkins et al, 1996; Henderson et al, 2012) . However, support for the role of chemotherapy treatment in adult cancers leading to RIS is less clear (Schaapveld et al, 2015) . We previously reviewed the records of all sarcoma patients treated at the Bone and Soft Tissue Sarcoma Centre, Royal Prince Alfred Hospital in Sydney, Australia between June 2005 and January 2011 to examine the effects of chemotherapy on the latency of RIS. We reported a mean interval to RIS for patients who received chemotherapy with RT for their index cancer of 5 years, compared to 14.5 years in those receiving RT alone (Po0.005) (Suttie et al, 2012) . We hypothesised that chemotherapy may enhance the effects of bone and soft tissue damage due to radiation, or interfere with DNA repair, thereby reducing the time to development of RIS, and conceivably increasing the incidence of RIS. The study reported here-in was undertaken to investigate whether concurrent chemotherapy was associated with the time to development of RIS in a larger and independent cohort.
PATIENTS AND METHODS
This was a retrospective cohort study of adult patients with RIS diagnosed from January 2000 to December 2014 at five large, tertiary referral sarcoma centres in the Asia-Pacific (National Cancer Center, Singapore), Europe (Royal Marsden Hospital, London; Royal Orthopaedic Hospital, Birmingham; Centre Léon Bérard, Lyon), and North America (Mount Sinai Hospital, Toronto) . No patients were included from our original, hypothesis-generating Australian cohort (Suttie et al, 2012) . We identified 419 patients with RIS, defined by (1) a history of radiation exposure at least 6 months before sarcoma diagnosis, (2) development of a sarcoma within the radiation field, and (3) pathological confirmation of a sarcoma that was histologically different from the first malignancy for which RT was given (Cahan et al, 1998) .
The following demographic, clinical, and pathological information was collected from the databases: gender, age at diagnosis of the first malignancy, age at diagnosis of the RIS, site and histology of the first malignancy, treatment for the first malignancy (including RT and chemotherapy, delivered either concurrently or sequentially, with type and dose of treatment where possible), date of RIS diagnosis, site and histological subtype of RIS. Information on familial history and genetic results were also sought, but variably available.
The primary endpoint was the interval to development of RIS, defined as the interval from diagnosis of the first malignancy to diagnosis of the RIS. The relationships between chemotherapy, patient and cancer characteristics, and interval to RIS were assessed using Cox proportional hazards regression models to determine cause-specific hazard ratios (HRs). Reported P-values are twosided, and P-values o0.05 were considered statistically significant. All statistical analyses were performed using IBM SPSS Statistics, version 23.
Based on earlier reports, we expected that one quarter of patients with RIS would have received chemotherapy for their first malignancy (exposed group) and that the mean difference in the time from RT to development of RIS in those exposed to chemotherapy vs not exposed to chemotherapy would be approximately 4-9 years (Newton et al, 1991; Suttie et al, 2012) . In the Suttie et al study (12) , the interval to RIS within each group was normally distributed with a standard deviation of 11.
If the true mean difference in the interval to RIS between those exposed to chemotherapy and those not exposed to chemotherapy was a mean of 5 years, then a sample size of approximately 204 (51 exposed vs 153 not exposed) would provide 80% power to reject the null hypothesis with a type 1 error of 0.05.
The study was approved by the Royal Prince Alfred Hospital Ethics Review Committee (Reference: X14-0415 & LNR/14/RPAH/ 552).
RESULTS
Clinicopathological findings. In all, 419 patients with RIS were identified across all five centres. The clinicopathological characteristics of these patients are summarised in Table 1 . The specific primary cancer diagnoses and RIS histologies are listed in Supplementary Table 1. The median age (range) at diagnosis of the first malignancy was 47 years (1-88), and of RIS was 63 years (16-92). There were more females (73%) than males (27%) with RIS. The most common first malignancies were breast (51%), head and neck (10%), and gynaecological cancers (9%). The most common RIS histotypes were angiosarcoma (28%) and osteosarcoma (17%). We did not see translocation-associated sarcomas, such as synovial sarcoma in this cohort.
All 419 patients were treated with RT for their first malignancy, as per the inclusion criteria, and 95 (23%) also received chemotherapy, either concurrently or sequentially. There were limited details of RT and chemotherapy for the index cancers. Radiation doses were available for 162 (39%) participants, in whom the median dose of radiotherapy for the first cancer was 50 Gy (range, 15-80). There was minimal information with regards to the modality and fractionation of radiation given. The most comprehensive information in regards to radiation doses was provided by the centre Léon Bérard, Mount Sinai Hospital and the National Cancer Centre. These groups contributed 160 cases of RIS to the database and radiation dose details were available for 111 of these cases.
Of the 95 patients who were known to receive chemotherapy for their first malignancy, information on the type of chemotherapy was available for 71 (75%) participants. Chemotherapy included three or more drugs in 57 (80%) patients, two drugs in 9 (13%), and one drug in 5 (7%).
Effect of chemotherapy on interval to RIS development. The median interval from the index cancer to development of RIS for the whole cohort was 11 years (range, 1-64, Table 1 ). Chemotherapy for the first malignancy was associated with a shorter interval to RIS (HR 1.37; 95% CI: 1.08-1.72; P ¼ 0.009; Figure 1A ). The median interval to RIS in the chemotherapy group was 10 years (mean 12.3, range 3-39) vs 11.0 years (mean, 15.4; range, (42) 38 (41) 139 (43) 0-57 years) for those not treated with chemotherapy for their first cancer. Age, gender and first cancer diagnosis were also associated with shorter interval to RIS development (Table 2 ). In the multivariable analysis, older age (HR 2.11; 95% CI 1.83-2.43; Po0.001) and chemotherapy for the first malignancy (HR 1.61; 95% CI 1.26-2.05; Po0.001) were independently associated with a shorter interval to RIS (Table 2) .
Role of chemotherapeutic agents on latency to RIS development. Léon Bérard and Mount Sinai Hospital provided the most comprehensive data with regards to primary chemotherapy and RT. Isolating their data of 125 patients, chemotherapy was again associated with a shortened time to development of RIS (HR 1.82; 95% CI: 1.24-2.69; P ¼ 0.002). Subjects treated with chemotherapy had a median interval to RIS development of 8 years compared with 14 years in those who were chemotherapy-free. The effect of anthracyclines in this group was striking. Of the 125 patients, 41 received chemotherapy for the primary malignancy and 84 did not receive chemotherapy. Of the 41 patients given chemotherapy, 28 (68%) had an anthracycline, 23 (56%) had an alkylating agent, and 38 (93%) had an anthracycline and/or alkylating agent (Supplementary Table 2 ). Patients given anthracyclines had a shorter interval to RIS than those not treated with an anthracycline (HR 2.56; 95% CI: 1.62-4.07; Po0.001; Figure 1B1 ). Similarly, treatment with an alkylating agent was also associated with a shorter interval to RIS (HR 1.57; 95% CI: 1.10-2.53; P ¼ 0 Á 02; Figure 1B2 ). The dose of radiotherapy was not associated with interval to RIS.
DISCUSSION
This study provides independent confirmation of the association between treatment with chemotherapy for an index cancer and a shorter interval to development of RIS. This finding is supportive of our previous study (Suttie et al, 2012) . They are pertinent to people currently undergoing cancer treatment, of whom approximately 60% will be treated with RT (Delaney et al, 2003) . RIS is an established complication of RT, which appears to have a rising incidence (Thijssens et al, 2005) . Other known risk factors for RIS include the dose of RT, younger age at initial diagnosis/ treatment, and genetic susceptibility (Moppett et al, 2001) . Modern cancer treatment algorithms frequently combine RT and chemotherapy. It is estimated that approximately 9% of cancer patients have an indication for chemotherapy combined with RT (Barton et al, 2013) and the use of this combined modality treatment, either sequentially or concurrently, is also increasing. This is particularly true for breast, rectal, and uterine cancers (Siegel et al, 2012; Miller et al, 2016) , as well as for oesophageal and gastric cancers over the last decade (Trip et al, 2015) .
In several studies of childhood cancers, treatment with chemotherapy plus RT has been shown to be associated with a higher incidence of subsequent RIS than treatment with RT alone. The evidence from these studies implicates alkylating agents and anthracyclines as the main contributors. However, the evidence is largely confined to the use of these agents combined with RT in childhood cancers. In the Late Effects Childhood Study, after adjusting for treatment with RT, the relative risk (RR) of developing a bone sarcoma after chemotherapy with an alkylating agent was 4.7 (95% CI: 1.0-22.3) (Tucker et al, 1987) . Similarly, among 59 cases of radiation-induced bone cancers and 220 controls, there was a linear trend (P ¼ 0.08) in the RR of bone cancers with increasing doses of an alkylating agent (Hawkins et al, 1996) . In the Childhood Cancer Survivor study, anthracycline use was associated with an RR of 3.5 for developing a secondary sarcoma (Henderson et al, 2012) . In the Vu et al study of the risk of osteosarcoma after solid tumours during childhood, only exposure to alkylating agents, but not spindle or topoisomerase II inhibitors (presumably including anthracyclines), was associated with an increased risk of a secondary sarcoma (Le Vu et al, 1998) .
In adult cancers, the associations between chemotherapy on RIS are less clear. A meta-analysis of breast RIS did not demonstrate an association with chemotherapy (Sheth et al, 2012) . However, in a recent study of 3905 people aged 15-50 years treated with RT for Hodgkin's disease, the risk of developing a second solid malignant neoplasm was increased in those patients treated with procarbazine-containing chemotherapy (Schaapveld et al, 2015) .
There is only one study outside our group that has examined the effect of chemotherapy on the interval to development of a second malignancy neoplasm (SMN). This was in a paediatric population of 91 children with bone sarcomas developing after a primary cancer and showed that treatment with both an anthracycline and RT was associated with a reduced interval to an SMN. In the absence of anthracyclines, alkylating agents were not associated with interval to SMN. Treatment with both agents shortened the interval to SMN by a mean of 4.4 years (Newton et al, 1991), a time-frame similar to our current findings. In contrast to this, we found that even treatment with an alkylating agent alone can also shorten the interval to RIS, albeit with a smaller magnitude of effect compared with anthracyclines. We did not see an association of other topoisomerase II inhibitors with interval to RIS.
In pre-clinical studies, anthracyclines and alkylating agents have been shown to induce neoplastic transformation by disruption of DNA function both in vitro and in vivo (Marquardt et al, 1976; Westendorf et al, 1983) . Alkylating agents induce permanent DNA damage by the alkylation of DNA. Topoisomerase II inhibitors produce DNA strand breaks, which occur during replication. Cells die by apoptosis where there is irreparable DNA damage. However, if drug-induced DNA damage is insufficient to kill the cells, it can result in chromosomal alterations. Anthracyclines may be more likely to lead to RIS compared to other topoisomerase II inhibitors due to free radical formation. This is likely an important mechanism of action since attempts to evelop less toxic analogues in order to reduce cardiotoxicity due to free radicals have all resulted in loss of anti-tumour efficacy (Chabner and Longo, 2011) . Even in the absence of radiation, anthracyclines and alkylating agents have been associated with increased risks of developing other SMNs, such as breast (Henderson et al, 2016) , lung (Swerdlow et al, 2001; Travis et al, 2002) , and various gastrointestinal cancers (Nottage et al, 2012; Dores et al, 2014) .
Henderson et al reported that the associations between breast cancer and anthracycline and alkylating agent exposure, are probably dose-dependent. Unfortunately, we had insufficient detailed data on chemotherapy to assess the possible effects of dose, and dose-density on interval to RIS. Our present study also demonstrates that gender, type of first malignancy, and age at diagnosis of the first malignancy were all associated with a shorter interval to RIS. However, on multivariable analysis, only the associations with age at diagnosis of the first malignancy and treatment with chemotherapy were independently significant. Fifty per cent of first malignancies in our study were breast cancers, and this group had the shortest interval to RIS. Breast cancers and sarcomas are both associated with Li Fraumeni syndrome, and related syndromes with mutations in the tumour suppressor gene TP53 (Li and Fraumeni, 1969; Schneider et al, 1993) , which could be one explanation for this finding. Of note, older patients had a shorter interval to RIS, which may be attributable to age-related underlying impairment of DNA repair and immune dysregulation. Similarly, Biau et al showed that older patients with soft tissue sarcomas have worse outcomes beyond their differences in treatment (Biau et al, 2012) . The relationship between older age at diagnosis of the first malignancy and shorter interval to RIS is partly artefactual, because older age is associated with a shorter possible duration of follow-up. The correlations between age, gender, type of first cancer, and exposure to chemotherapy were inherent in our observational study design and cannot be disentangled.
One of the potential confounding effects of this study is that patients may have been selected to receive combined modality treatment at diagnosis because they had a higher grade or more aggressive primary malignancy in the first place, compared to those who did not have chemotherapy. These patients may have had a germline mutation in certain tumour suppressor or DNA repair genes, which not only predisposed them to their aggressive primary cancer, but also placed them at higher risk and at a shorter time to development of an RIS. As part of our data collection, we requested information on primary tumour staging, family history and any known genetic mutations. However, given the antiquity of many of the records, this information for all patients could not be retrieved. We accept that in context of this retrospective cohort study, there may be other confounders that may influence time to RIS that was not measured or inadequately captured in this study.
Despite the limitations of this study, it is the largest published study on RIS, and the largest study providing evidence of an association between treatment with chemotherapy and shortened interval to RIS. It is the only study to demonstrate this effect in a predominantly adult population. The increasing use of chemotherapy and RT might both reduce the interval to RIS, and increase the incidence of radiation-induced malignancies. The most definitive evidence for a hypothesised effect of chemotherapy on the incidence of RIS and the interval to RIS would come from randomised trials comparing RT vs RT plus chemotherapy and we now plan a meta-analysis of such trials.
Although secondary sarcomas remain relatively rare, accounting for only 3% of all sarcomas diagnosed (Bjerkehagen et al, 2008) , our data underscore the importance of vigilant surveillance for second malignancies after RT. This is particularly relevant for younger patients being treated with RT for their first malignancy, as they have a longer potential time to develop a second cancer, and also those with genetic predispositions, who already have an elevated risk of developing a second cancer. Further studies are needed to examine the interactions between genetic factors, RT, chemotherapy, and the pathogenesis of RIS.
CONCLUSION
This study supports our hypothesis of an association between chemotherapy and a shortened interval to development of RIS. Awareness of the risk, and the time to development of RIS, should be taken into account in cancer treatment decisions, particularly where the need for chemotherapy in addition to radiation therapy, is of debatable benefit.
